We tested the hypothesis that apolipoprotein E allele status predicts the rate of motor decline in the elderly. Eight hundred seventy-six older participants without dementia underwent baseline and annual motor testing for up to 10 years. In a generalized estimating equation controlling for age, sex, and education, motor function declined by about 0.03 U/y. The presence of e4 allele was associated with a 2-fold increase in rate of motor decline [e4 allele Â time: estimate = À 0.027 (SE 0.012, P = 0.025)]. The association of e4 allele with motor decline persisted even after controlling for cognitive status, race, body mass index, vascular risk factors, and diseases. Further analyses suggested that the association of e4 with motor decline was for the most part explained by the association between e4 allele and change in muscle strength. These results suggest that the presence of e4 allele is a risk factor for more rapid motor decline in the elderly.
I mpaired motor function (eg, muscle strength, motor performance) is common among older persons and is associated with an increased risk of disability, loss of independence, and death. 1, 2 Although some risk factors for motor decline have been identified, such as reduced physical activity, its underlying biology is poorly understood. 3 Identifying risk factors for motor decline is an important first step for the development of interventions to decrease the burden of motor impairment in our aging population. 4 The increased availability of tests for genetic polymorphisms has shown that the presence of 1 or more alleles of e4 is associated with a number of adverse health consequences, including mortality, Alzheimer disease (AD), cognitive decline, cardiovascular disease, and stroke. [5] [6] [7] [8] However, there are few studies about whether the presence of e4 allele predicts motor decline and in extant studies results have been conflicting. 9, 10 We used data from more than 800 older participants of the Rush Memory and Aging Project to test the hypothesis that apolipoprotein E allele status predicts the rate of motor decline in older persons. All participants underwent apolipoprotein E allele determination and annual detailed motor testing for up to 10 years. 11 We also tested for interactions with demographic variables including race and examined other covariates including cognitive status which might mediate the association between e4 allele status and motor function as well as race, body composition, vascular risk factors, and diseases which might confound the association of e4 allele status and change in motor function. Finally, as motor function is not a unitary process, we examined the extent to which the association of e4 allele with change in motor function is due to an association with measures of muscle strength or motor performance.
METHODS

Participants
All participants were from the Rush Memory and Aging Project, a community-based, longitudinal clinicalpathologic investigation of risk factors for common chronic conditions of old age participants were recruited from more than 40 residential facilities across the metropolitan Chicago area, including subsidized senior housing facilities, retirement communities, and retirement homes, in addition to social service agencies and Church groups. Following a group presentation about the project, persons rated their interest in participating. Study personnel subsequently met with those who expressed interest and explained the project in detail. Persons then signed an informed consent agreeing to annual clinical evaluations and an anatomic gift act agreeing to donate their brain, spinal cord, and selected nerves and muscles to Rush Investigators. The study was conducted in accordance with the latest version of the Declaration of Helsinki and was approved by the Institutional Review Board of Rush University Medical Center. All evaluations were performed at the parent facility or the participants' homes to reduce burden and enhance followup participation. 8 The clinical evaluation was uniform and included a medical history, complete neurologic examination, and assessment of cognitive and motor function (see below). Follow-up evaluations, identical in all essential details, were performed annually by examiners blinded to previously collected data. Clinical evaluations for the study commenced in 1997 and 1121 participants had completed a baseline evaluation at the time of these analyses.
As prior work suggests that the effect of apoE allele status might vary in persons with and without dementia, 12 eligibility for these analyses required the absence of dementia at the baseline evaluation and apolipoprotein E allele determination, and to assess change in motor function, a valid baseline and at least 1 follow-up motor score is required. Therefore, we excluded from these analyses 85 (7.6%) persons who met criteria for dementia at the baseline (see Clinical Diagnoses), 20 who had died before the time of their follow-up motor assessment; 20 who had not been in the study for a full year and were not yet eligible for a follow-up evaluation; 43 persons with incomplete clinical data; 56 who did not have a valid apolipoprotein E genotyping; and 21 who showed an allele combination of apoE e2, e4 (see Apolipoprotein E Allele Determination). This resulted in a final group of 876 nondemented persons for the current study whose characteristics at baseline are summarized in Table 1 .
Clinical Diagnoses
Clinical diagnoses were made using a multistep process, as previously described. 11, 13 First, participants underwent detailed cognitive function testing which included 21 performance tests administered in an approximately hour-long session as previously described. 11 Participants were evaluated in person by an experienced neurologist or geriatrician, this person then used all available cognitive and clinical testing results to diagnose dementia and other common neurologic conditions affecting cognitive or physical function. The diagnosis of dementia followed the criteria of the joint working group of the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association. 14 The diagnosis of mild cognitive impairment (MCI) was rendered for individuals who were found to have cognitive impairment by a neuropsychologist but who did not meet criteria for dementia as previously described. 15 Persons who did not meet criteria for MCI or dementia, as determined by the clinician's review of all available data, were classified as having no cognitive impairment (NCI). 13 
Motor Function Testing Muscle Strength Testing
Hand-held dynamometer (Lafayette Manual Muscle Test System, Model 01163, Lafayette, IN) was used to assess muscle strength in arm abduction, arm flexion, arm extension, hip flexion, knee extension, plantar flexion, and ankle dorsiflexion bilaterally. Grip and pinch strength were measured bilaterally using the Jamar hydraulic dynamometers (Lafayette Instruments, Lafayette, IN).
Motor Performance Testing
Time and number of steps to walk 8 ft and turn 360 degrees. Time to stand on each leg and then on their toes for 10 seconds; we counted the number of steps off line when walking an 8 foot line in a heel to toe manner; the number of pegs that could be placed (Purdue pegboard) in 30 seconds and participants tapped an electronic tapper (Western Psychological Services, Los Angeles, CA) with their index finger as quickly as possible for 10 seconds.
Global Motor Function
A composite global motor measure was created by averaging all of the motor tests together. 16, 17 Composite measures have been used effectively in other longitudinal studies of cognitive and motor function. [18] [19] [20] Composite measures typically have metric properties that are more suited for longitudinal analyses than the results of individual tests. They yield more stable measures of motor function, increase power to identify risk factors and the adverse health consequences of motor decline in aging. As motor function is not a unitary process and we have previously reported empiric support, using principalcomponents analysis and subsequent factor analysis with varimax rotation, to summarize motor function data into 2 subcomponents: muscle strength and motor performance. 16, 17 A composite measure of strength was made by averaging the z-scores for arm and leg muscle strength. A composite measure of motor performance was made by averaging the z-scores for all the motor performance measures in arms and legs.
Apolipoprotein E Allele Determination
Blood was collected at each participating Memory and Aging Project site with acid citrate dextrose anticoagulant and stored at room temperature. Lymphocyte separation was performed within 24 hours of collection. DNA was extracted from approximately 2 to 3 million cells, and genotyping was performed by Agencourt Bioscience Corporation (Beverly, MA) using high throughput sequencing of codon 112 (position 3937) and codon 158 *Z-scores of the composite measure of global motor function is based on 2 subcomponents: muscle strength is based on 9 muscle groups tested in arms and legs bilaterally; motor performance is based on 9 motor performances in arms and legs. Composite measures are constructed so that a more positive value is consistent with a higher level of muscle strength or better motor performance and a negative value is consistent with a lower level of strength or performance.
(position 4075) of exon 4 of the apolipoprotein E gene on chromosome 19. Participants with 1 or more alleles for e4 [ie, e3, e4 (N = 171) and e4, e4 (N = 13)] were considered positive for e4 allele for these analyses. All other participants with other allele combinations [ie, e2, e2 (N = 8); e2, e3 (N = 137); or e3, e3 (N = 547)] were considered negative for e4 allele. As noted above, we excluded participants with the allele combination of e2, e4 (N = 21) as there is some literature to suggest that the presence of e2 may be beneficial with regards to motor disorders. 21 Furthermore, all the analyses reported below were repeated and the results were unchanged when participants with the allele combination e2, e4 were included (results not shown).
Other Covariates
Age in years was computed from self-reported date of birth, and date of the baseline clinical examination was that at which the strength measures were first collected. Education (reported highest grade or years of education) was obtained at the time of the baseline cognitive testing. Sex, race, and ethnicity were recorded at the baseline interview. Race and ethnicity questions and categories were those used by the 1990 US Census. Weight and height were measured and recorded at each visit and used to calculate body mass index (BMI). To assess the influence of vascular risk factor and vascular disease burden on the association of motor function and mortality, we summarized cumulative vascular risk factors and vascular disease burden. 15 For the purpose of this study, smoking history, heart attack, congestive heart failure, and claudication were rated as absent or present (0 or 1) as determined by self-report; hypertension and diabetes were rated as present if the participant reported having been diagnosed with the condition or was found to be on medication for the condition, and stroke was diagnosed based on self-report plus clinical examination, as previously described. 11 We computed summary scores indicating each individual's vascular risk factor (ie, the sum of hypertension, diabetes mellitus, and smoking) resulting in a score from 0 to 3 for each individual, and vascular disease burden (ie, the sum of heart attack, congestive heart failure, claudication, and stroke) resulting in a score from 0 to 4 for each individual. These summary scores were used as covariates in the analyses. 15 
Analysis
Correlations were used to assess the relationship of global motor function with age and education, and t tests were used to compare men and women. We used generalized estimating equation models to characterize change over time in the global measure of motor function and to test the relation of e4 allele status with the baseline level and rate of change in global motor function. 22 This model and all subsequent models controlled for age, sex, and education and their interaction with time. Age was centered at 80 years for these analyses. Sex was coded as ''1'' for men and ''0'' for women. Next, we added a term for e4 allele and its interaction with time. We also tested whether e4 allele status and rate of change in motor function were affected by race and examined potential higher order interactions between e4 allele status, sex, and rate of change in motor function. Next, as the possession of the presence of e2 allele genotype has been reported to be beneficial in some studies, we contrasted the effect of the presence of any e2 allele (e2, e2 or e2, e3 genotype) and any e4 allele (e4, e4 or e3, e4 genotype) on motor decline. For this model, participants with the e3, e3 allele genotype served as the reference group and those with the e2, e4 genotype were excluded. This model was similar to the core model described above except that we included terms for the e2 and e4 subgroups (each contrasted with the e3, e3 reference group), and the interaction of each subgroup with time. The term for time indicates the average annual rate of change in the e3, e3 reference group. We then examined several covariates including cognitive status, body composition based on BMI, vascular risk factors, and diseases that might affect these associations. A term for each covariate was added to the previous model as well as a term for its interaction with time. As both low and high values of BMI can be associated with adverse health consequences, we added a term for BMI and a quadratic term for BMI (BMI Â BMI) as well as a term for their interaction with time. We repeated similar models with muscle strength and then with motor performance rather than global motor function as the outcome. Model assumptions of linearity, normality, independence of errors, and homoscedasticity of errors were examined graphically and analytically and were adequately met. 23 Programming was performed using SAS software (SAS Institute, Cary, NC). 24 
RESULTS
Descriptive Properties of Motor Function
Global motor function was approximately normally distributed and ranged from À 1.92 to 2.15 (mean À 0.06; SD = 0.57), with higher scores indicating better performance. Global motor function was inversely related to age (r = À 0.40, P<0.001), positively associated with education (r = 0.21, P = <0.001), and men had higher levels of motor function than women [t(874) = 7.73, P<0.001].
Muscle strength was associated with motor performance (r = 0.35; P = <0.001).
The Presence of e4 Allele and the Rate of Change in Motor Function
First, we examined individual differences in the rate of change in global motor function using a generalized estimating equation model controlling for age, sex, and education and their interactions with time. On average, there were 4 measures of global motor function for each participant in these analyses (SD = 2.0; range 2, 10; median = 4). On average, global motor function declined by about 0.03 U/y (Estimate = À 0.034; SE, 0.005, P<0.001).
Next, to examine the relation of e4 allele status with the level and rate of decline in global motor function, we added a term for e4 allele status and its interaction with time to the previous model. In this model, there was no association between the e4 allele and the baseline level of global motor function (term, e4 allele status, Table 2 ). Global motor function declined by about 0.03 U/y. However, in this model, the presence of at least 1 copy of the e4 allele was associated with a 2-fold increase in the rate of motor decline (term, e4 allele status Â time, Table 2 ). Figure 1 illustrates the effect of the e4 allele on the rate of change in global motor function for 2 average participants with similar age, sex, and education. At baseline, there was no difference in the level of global motor function at baseline between participants with and without the e4 allele. In contrast, the trajectory of motor decline in an average participant with at least 1 copy of the e4 allele (dashed line) was 1.96 times faster than a similar participant without the e4 allele (solid line).
As the rate of motor decline was more rapid in men (term, sex Â time, Table 2 ), we examined whether the association between e4 allele and the rate of change in motor function varied by sex by adding an interaction term between sex and e4 allele as well as their interaction with time. There was no significant interaction between sex and e4 allele status and level of motor function at baseline or in the association between sex, e4 allele status, and the rate of change in motor function (results not shown). In a final model, we added a term for race. Race was not associated with change in motor function [race Â time: estimate = 0.021 (SE = 0.032, P = 0.507)] and did not affect the association between e4 allele status and change in motor function, which remained significant [e4 allele Â time: estimate = À 0.027 (SE = 0.012, P = 0.026)].
Age for these analyses was centered at 80 years and there was a significant interaction between age at baseline and the rate of change in global motor function such that for each year of age above 80, global motor function declined 11% more rapidly (term, age Â time, Table 2 ). Next, we added an interaction term between age and e4 allele as well as their interaction with time to determine if the association between e4 allele and the rate of motor decline varied with increasing age. There was no interaction between age at baseline, e4 allele status, and the level of motor function [age Â e4 allele: estimate 0.004 (SE, 0.007, P = 0.561)]. However, there was a significant interaction between age at baseline, e4 allele status, and the rate of change in motor function [age Â e4 allele Â time: estimate = À 0.004 (SE = 0.002, P = 0.027)], suggesting that the presence of the e4 allele has more of an impact with increasing age. The interaction between baseline age, e4 allele status, and the rate of motor decline is illustrated in Figure 2 . Figure 2A shows the rate of motor decline for 2 average participants, one 80 years old (solid line) and one 85 years old (dashed line) at baseline, both of whom did not have the e4 allele. The 85-year-old participant has a lower level of global motor function at baseline and global motor function declines more rapidly than for the 80-year old. Figure 2B shows 2 participants of the same ages 80 years old (solid line) and one 85 years old (dashed line) at baseline both with the e4 allele. The rate of motor decline is more rapid in both participants with the e4 allele as compared with the participants without e4 allele, but the rate of motor decline is even more rapid in the 85-year old with e4 allele as compared with the 80-year old.
In contrast to the e4 allele, the e2 allele may be beneficial with regards to motor disorders. 21 We repeated the core model described above (Table 2 ) and included terms for the e2 and e4 subgroups (each contrasted with the e3, e3 reference group), and the interaction of each subgroup with time. Although the presence of e4 allele was related to a faster rate of motor decline, [e4 Â time: estimate = À 0.024 (SE = 0.012, P = 0.046)], the presence of e2 allele was associated with a slower rate of motor decline but this was not significant, [e2 Â time: estimate = 0.012 (SE = 0.011, P = 0.250)].
The Presence of e4 Allele, Other Covariates, and the Rate of Change in Motor Function
Next, we repeated the model shown in Table 2 with the addition of terms for several covariates that might affect the association of e4 allele and change in motor function.
Although we excluded those participants with dementia, the presence of e4 allele in persons with MCI is associated with increased risk of AD. 25 Therefore, we added a term for baseline cognitive status (NCI vs. MCI) and its interaction with time to determine if cognitive status might mediate the association of e4 allele with change in the rate of motor function. The addition of terms for MCI did not change the association between e4 allele status and change in global motor function; both the presence of MCI and e4 allele status were associated with change in motor function ( Table 3 , Model 1). *Estimated from a generalized estimating equation model with global motor function as the outcome; including a term for motor decline, time (in years since baseline). The model terms age at baseline (centered at 80 y), sex (coded as ''1'' for men, ''0'' for women), education (number of years), and e4 allele status show the cross-sectional relationships between these terms and level of global motor function at baseline. In addition, the model also included terms for age at baseline, sex, and education, e4 allele status and their interactions with motor decline (time). Results show that age at baseline, sex, and the presence of e4 allele are all associated with more rapid motor decline (negative estimate).
FIGURE 1.
The presence of e4 allele is related to rate of change in motor function. This figure is model generated of 2 hypothetical participants to illustrate the trajectory of motor decline during the study in participants with similar age, sex, and education but 1 without the e4 allele (solid line) and the other with the e4 allele (dashed line).
Because muscle mass is integral to motor function, we examined the extent to which body composition might affect the association of physical and motor function. The addition of these terms for body composition did not change the association between e4 allele status and change in global motor function ( Table 3 , Models 2 and 3).
Because chronic diseases may contribute to motor impairment and e4 allele is associated with an increased risk of vascular diseases, we added terms for vascular risk factors and vascular disease burden and their interactions with time to examine whether they affected the association of e4 allele status with rate of change in motor function. *Estimated from a generalized estimating equation model with global motor function as the outcome; including a term for motor decline, time (in years since baseline). All models controlled for age at baseline (centered at 80 y), sex (coded as ''1'' for men, ''0'' for women), and education (number of years) (terms not shown). e4 allele status and various covariates show the cross-sectional relationships between these terms and level of global motor function at baseline. In addition, the model also included terms for e4 allele status and covariates and their interactions with motor decline (time). Results show that the presence of e4 allele is associated with more rapid motor decline (negative estimate) even after controlling for cognitive status, body composition, vascular risk factors, and diseases.
BMI indicates body mass index. These results suggest that these covariates do not mediate the association of e4 allele status with motor decline. Finally, as motor function is not a unitary process, we examined the extent to which the association of e4 allele with motor decline might vary by 2 main components of motor function, motor performance, and muscle strength. We therefore repeated the core model described above, first replacing global motor function with its subcomponents, motor performance, and then repeating the model a second time with muscle strength. The presence of the e4 allele was not associated with the rate of change in motor performance [e4 allele Â time: estimate = À 0.012 (SE = 0.015, P = 0.439)]. However, by contrast, e4 allele was associated with the rate of change in muscle strength [e4 allele status Â time: estimate = À 0.030 (SE = 0.014, P = 0.027)].
DISCUSSION
In a cohort of more than 850 older persons without dementia, we found that the presence of at least 1 copy of the apolipoprotein E e4 allele was associated with an increased rate of motor decline in the elderly. This association was unchanged even after controlling body composition, cognitive status, and vascular risk factors and diseases. Moreover, we found that the association of e4 allele status and the rate of motor decline increased with age. Further analyses indicated that the association of the e4 allele with the rate of change in global motor function was due primarily to the association of allele status with an increased rate of decline in muscle strength rather than motor performance. These findings suggest that apolipoprotein E allele status is a risk factor for age-related motor decline.
In the current study, e4 allele status was not related to the level of motor function at baseline but was associated with a 2-fold increase in the rate of motor decline which was similar in men and women. Furthermore, we found that this association was for the most part explained by the association between e4 allele and change in muscle strength rather than motor performance. Motor systems which regulate motor planning and execution are located in multiple interconnected cortical and subcortical motor regions, which extend to the spinal cord and peripheral muscle. [26] [27] [28] Thus, e4 allele may be associated with motor decline through a number of different diseases or pathologies which can damage these widely distributed motor systems. In contrast to previous reports, in the current study the presence of e2 allele was not related to motor decline.
The mechanism underlying the association of e4 allele with motor decline is unknown. A number of recent studies have implicated subclinical vascular disease based on changes in white matter with loss of mobility, and e4 allele is known to be associated with stroke. 8, 29, 30 Our finding that the association between e4 allele status and motor decline was unchanged after controlling for vascular diseases including stroke and vascular risk factors and body composition suggests that other factors may play a role in the association of allele status and motor decline. Another possible mechanism which may link the e4 allele to the rate of motor decline is through an association with AD pathology. 5 Recently, there has been increasing studies which suggest that AD pathology accumulates not only in cognitive brain regions but also in regions known to subserve motor function, even among persons without dementia. [31] [32] [33] [34] Thus, e4 allele may be linked to motor decline through the deposition of AD pathology in brain regions which subserve movement.
Finally, previous studies have suggested that the association of e4 allele and risk of AD may decrease with increasing age. [35] [36] [37] In contrast to these previous studies, in the current study, there was a significant interaction between the presence of e4 allele and age such that those who are older are more likely to decline at a faster rate compared with those who are younger (Fig. 2) . This finding needs to be replicated in other cohorts and if true suggests that different factors or pathways may link e4 allele with cognitive and motor decline.
Our study has several limitations. First, the participants in this study were a selected group of persons who agreed to postmortem donation, so these results will need to be replicated in the general population. In addition, motor function testing, particularly muscle strength, is vulnerable to practice effects in the first years of follow-up and the duration of follow-up was relatively short in this study; practice effects therefore may account for the limited rate of change in muscle strength. If this is the case, then we may have underestimated the actual contribution of e4 allele to decline in muscle strength and motor function overall. In addition, as we excluded persons who were demented at baseline or died before the first follow-up evaluation, these results may underestimate the magnitude of the association between e4 allele and the rate of motor decline.
Despite these limitations, several factors increase confidence in the findings from this study. Perhaps most importantly, motor function was evaluated as part of a uniform structured clinical evaluation and incorporated many widely accepted and reliable performance measures. In addition, persons with dementia were excluded and a relatively large number of community-based older persons in the community were studied.
